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Abstract.  We have compared a new version of ATMOS retrievals (Version 3) of 

stratospheric and mesospheric water vapor with observations from shuttle-, satellite-, 

balloon-, and aircraft-borne instruments.  These retrievals demonstrate agreement to within 

5% MkIV observations in the middle and lower stratosphere. ATMOS agrees with the 

NOAA Lyman-α hygrometer to within 5%, except for features with spatial scales less than 

the vertical resolution of ATMOS (such as the lower stratospheric seasonal cycle). ATMOS 

observations are 10-16% lower than measurements from the Harvard Lyman-α hygrometer in 

the lower stratosphere and 7-14% higher than those from MLS (prototype Version 0104) 

throughout most of the stratosphere. Agreement is within 7% with MAS (Version 20) in the 

middle and upper stratosphere, but differences are closer to 13% in the lower stratosphere.  

Throughout the stratosphere, agreement is within 8% with HALOE (Version 19). ATMOS 

data from 1994 show agreement with SAGE II (Version 6) values to within 8% in the middle 

stratosphere, but ATMOS observations are systematically higher than those from SAGE II by 

as much as 41% in the lower stratosphere.  In contrast, ATMOS 1985 values are 

systematically lower than SAGE II values from sunset occultations in the lower stratosphere 

near 70 hPa but are in better agreement with sunrise occultations. Version 3 retrievals in the 

upper stratosphere and lower mesosphere are typically 5-10% lower than Version 2 values 

between 1 and 0.05 hPa. This reduction improves agreement with HALOE, MAS, and MLS 

upper atmospheric observations, but ATMOS values still tend to be higher than values from 

these instruments in the middle mesosphere. Agreement among the instruments compared 

here (except for SAGE II) is generally within 15% in the middle to lower stratosphere and 
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mesosphere and within 10% in the middle to upper stratosphere.  At altitudes near 30 km, all 

instruments (including SAGE II) agree to within 10%. 

1.  Introduction 

Recent work has suggested that stratospheric water vapor plays a role in the energy 

balance of the atmosphere.  Increases in stratospheric humidity may enhance tropospheric 

warming and stratospheric cooling [Rind and Lonergan, 1995; Rind, 1995; Forster and 

Shine, 1999; Dvortsov and Solomon, 2001; Oinas et al., 2001; Shindell, 2001; Smith et al., 

2001] and accelerate rates of heterogeneous reactions that initiate catalytic loss of lower 

stratospheric ozone [Hofmann and Oltmans, 1992; Michelsen et al., 1999a].  Accurate and 

long term measurements of water vapor in the atmosphere are required to confirm the 

projected effects of changes in water vapor on climate and chemistry and to improve and 

validate climate models [Rind, 1995].  Satellite observations from solar occultation or limb-

emission instruments are critical for mapping the distribution of water in the stratosphere, but 

such retrievals are difficult near and below the tropopause, where the vertical gradient in 

water is steep.  The Atmospheric Trace Molecule Spectroscopy (ATMOS) instrument is a 

solar occultation space-shuttle-borne Fourier transform infrared spectrometer, which 

simultaneously measures vertical profiles of a variety of atmospheric species from the upper 

troposphere to well above the stratosphere [Farmer et al., 1987; Gunson et al., 1990, 1996].  

This paper describes and validates a new retrieval (Version 3) of ATMOS stratospheric and 

mesospheric water vapor measurements.  Although this new version was designed for better 

accuracy near and below the tropopause, improvements in H2O retrievals are also apparent in 

the stratosphere and mesosphere. We compare the Version 3 stratospheric and mesospheric 

profiles with measurements from the National Oceanic and Atmospheric Administration 

(NOAA) and Harvard ER-2 Lyman-α hygrometers, the MkIV balloon instrument, the 

Millimeter-wave Atmospheric Sounder (MAS), which flew on the space shuttle with 

ATMOS, the Halogen Occultation Experiment (HALOE) and Microwave Limb Sounder 

(MLS), which fly on the Upper Atmospheric Research Satellite (UARS), and the 
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Stratospheric Aerosol and Gas Experiment II (SAGE II), which flies on the Earth Radiation 

Budget Experiment (ERBE) satellite. 

2. Comparison methodology 

Ideally comparisons between instruments are performed using measurements obtained 

simultaneously in the same or identical air masses.  Such ideal conditions are not generally 

achievable when comparing observations from various space-based instruments and 

measurements from in situ or other remote sensing instruments.  Dynamical features, such as 

tropical and vortex filaments in extratropics/extravortex regions, can lead to ambiguity in 

comparisons of nearly coincident measurements, and care must be taken to compare 

observations made in similar air masses [Manney et al., 2000, 2001].  For example, during 

the time period of the ATLAS-3 mission (see Table 1), the stratosphere was dynamically 

active where ATMOS was making measurements at low to midlatitudes in the Northern 

Hemisphere (NH) [Manney et al., 1996].  The Arctic vortex was in an early stage of 

development and was responsible for drawing large tongues of tropical or subtropical air to 

higher latitudes [Manney et al., 1999, 2000].   

The gradient in water vapor mixing ratio with latitude is significant in the stratosphere 

[Chiou et al., 1993, 1997; McCormick et al., 1993; Rind et al., 1993; Eluszkiewicz et al., 

1996, 1997; Harries et al., 1996; Pan et al., 1997; Rosenlof et al., 1997; Nedoluha et al., 

1998]; thus, advection of air from the tropics to higher latitudes can lead to large variability 

in profiles of [H2O] at midlatitudes. (Square brackets denote species volume mixing ratio.)  

Throughout this paper (i.e., for all comparisons except those with MkIV data), we have 

accounted for these dynamical factors by identifying comparable profiles (from data sets 

generally measured within a few days of one another) based on potential vorticity (PV) 

derived from UK Met Office- and National Centers for Environmental Prediction (NCEP)-

assimilated winds.  In most cases, PV was normalized by a standard value of the static 

stability, yielding a scaled potential vorticity (sPV) [Dunkerton and Delisi, 1986; Manney et 

al., 1994].  For all the profiles compared here, the difference in sPV is within 4×10
−5

 s
−1

 and 

with few exceptions is within 2×10
−5

 s
−1

 (~20% at midlatitudes). 
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Most of the measurements compared were made within a week and a few degrees latitude 

of one another.  The MkIV measurements and 1993 ER-2 observations, however, were made 

several weeks and/or many degrees in latitude apart from the ATMOS observations.  For 

these comparisons, we have plotted the [H2O] measurements relative to simultaneous 

measurements of [N2O].  We sorted the ER-2 data by PV and [N2O]. Measurements made in 

vortex fragments were identified as having [N2O] less than 160 ppb and PV between 1.59 and 

2.15×10-5 K m2 kg-1 s-1.  The rest of the measurements associated with PV greater than 1×10-5 

K m2 kg-1 s-1 (to avoid inclusion of recent tropical air masses) were characterized as having 

been made in extravortex air masses.   

Furthermore, each CH4 molecule oxidized in the stratosphere yields approximately two 

H2O molecules [e.g., Bates and Nicolet, 1965; Wofsy et al., 1972; Kley et al., 1979; LeTexier 

et al., 1988; Engel et al., 1996; Remsberg et al., 1996; Hurst et al., 1999].  Numerous studies 

have shown that the sum [H2O]+2[CH4] is conserved (i.e., has no significant sources or 

sinks) throughout most of the stratosphere [e. g., Jones et al., 1986; Abbas et al., 1996a; 

Engel et al., 1996; Manney et al., 1999; Zöger et al., 1999; Michelsen et al., 2000], except in 

the lower winter polar vortex, where sedimentation of polar stratospheric clouds causes 

dehydration [e.g., Kelly et al., 1989; Fahey et al., 1990; Rinsland et al., 1996; Hintsa et al., 

1998].  Because [H2O]+2[CH4] (also frequently referred to as potential water or PW) is 

expected to be conserved in extratropical/extravortex air masses, we have compared values of 

PW derived from simultaneous measurements of [CH4] and [H2O] for cases in which 

observations were separated by more than a week and a few degrees in latitude. We made 

similar comparisons with HALOE, which also measures [CH4]. 

When comparing data sets for which we could identify a number of similar pairs (by 

matching profiles with similar profiles of PV or sPV), we calculated the average fractional 

difference and the standard deviation of the mean difference for these pairs of profiles.  The 

fractional difference Diffi for each pair of profiles i was given as  

Diffi =
2 H2O(ATMOS)i − H2O(Other)i[ ]

H2O(ATMOS)i + H 2O(Other)i[ ]  . (1) 
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The average fractional difference for N pairs of profiles was calculated as 

Diff = 1
N Diffi

1

N

∑  , (2) 

and the standard deviation of the mean difference σDiff was calculated as 
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3.  Description of ATMOS 

3.1 Instrument Description 

ATMOS is a fast-response Michelson interferometer, which obtains high resolution 

(~0.01 cm-1), broadband spectra through orbital sunrises and sunsets during solar occultation 

by the Earth.  This observational technique provides immediate calibration data with each 

occultation, making the instrument self-calibrating and thereby eliminating long-term drift.  

The accuracy of such measurements is generally insensitive to changes in background 

transmission, e.g., resulting from heavy volcanic aerosol loading, although precision will be 

degraded with a significant reduction in the signal.   

ATMOS is currently packaged to fly on the space shuttle.  From a low-Earth orbit of 

~300 km altitude typical of the space shuttle, an occultation observation requires ~4 min.  

With an instrument scan time of 2.2 s, approximately 100 spectra are recorded, resulting in a 

tangent altitude spacing of ~2 km in the lower stratosphere to ~4 km in the upper 

stratosphere. The vertical spacing coupled with the instantaneous instrument field-of-view of 

1.0-2.8 mrad leads to an effective vertical resolution of 3-6 km [Gunson et al., 1996].   

ATMOS has been deployed four times as part of the Spacelab 3 and the Atmospheric 

Laboratory for Applications and Science (ATLAS)-1, ATLAS-2, and ATLAS-3 missions 

[Kaye and Miller, 1996].  Observations from these missions cover the periods of time and 

ranges of latitude given in Table 1.  In order to enhance the signal-to-noise ratio and 

minimize zero-level offsets, measurements were made in selected spectral regions defined by 

the optical bandpass filters listed in Table 2.  For each sunrise or sunset occultation, spectra 
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were recorded in one of these six transmission regions; the filter selection determined which 

species could be retrieved for that occultation [Gunson et al., 1996; Abrams et al., 1996].  

The systematic error of the ATMOS measurements is generally dominated by experimental 

uncertainty in the line strengths and the isolation of spectral features (e.g., the degree of 

blending or overlap with spectral features of other species), particularly at the lower tangent 

heights.  The precision is a statistical measure of the scatter in the retrievals and is largely 

determined by random spectral noise, and by uncertainties in the tangent altitudes and the 

assumed temperature-pressure profiles. 

3.2 Retrieval Description 

Th retrieval algorithm used for the ATMOS Version 3 (V3) data set was adapted from an 

algorithm developed for the analysis of MkIV balloon spectra [Toon et al., in preparation].  

ATMOS-V3 retrievals differ from those of Version 2 (V2) in several respects, the most 

noteworthy of which is the use of a simultaneous global fit for multiple species and tangent 

pressures, rather than a sequential onion-peeling approach for individual species [Irion et al., 

in preparation].  These V3 profiles extend to lower altitudes and include additional species 

[Irion et al., in preparation].  V3 retrievals in the middle stratosphere vary little from those 

provided by V2, but V3 retrievals in the upper and lower stratosphere and upper troposphere 

display less unrealistic variability and more consistency among filters than do V2 retrievals.  

V3 data can be obtained from http://remus.jpl.nasa.gov/atmos/. 

For V3 water vapor, the systematic error is estimated to be ±6% based on uncertainties in 

the line strengths used in the retrievals [Brown et al., 1996].  A preliminary estimate of the 

(1σ) random error yields an average value of 9-14% for Filters 3, 9, and 12 between 17 and 

65 km with uncertainties as high as 30% in the troposphere [Michelsen et al., 2000; Irion et 

al., in preparation].  Water vapor profiles from Filters 1 and 12, which were not retrieved for 

V2, are available for V3, but retrievals from Filter 1 currently appear to be unreliable, 

perhaps because of a lack of temperature-insensitive H2O lines for Filter 1. Retrievals of 

[CH4] and [N2O] for Filters 3, 9, and 12, which are also used in the present analysis, have an 

estimated systematic uncertainty of ±5% and precision of 5-10% between 17 and 40 km and 
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12-27% in the upper stratosphere and mesosphere, where abundances are smaller [Michelsen 

et al., 2000; Irion et al., in preparation].  Table 2 summarizes which species used in this 

analysis were retrieved with V2 and which are new retrievals for V3. 

Comparisons of ATMOS-V2 measurements of [H2O] in the lower stratosphere with in 

situ observations from the NOAA Lyman-α hygrometer have demonstrated agreement to 

within ±8% [Chang et al., 1996; Michelsen et al., 1999b].  Previous analyses indicate that 

ATMOS-V2 is 10-15% higher than HALOE Version 17 (V17) [Harries et al., 1996; 

Nedoluha et al., 1997] and MLS prototype Version 0104 (V1014) [Pumphrey, 1999] in the 

middle and upper stratosphere.  In the mesosphere ATMOS-V2 is 15-20% higher than 

HALOE-V17 and comparable to MLS Version 3 (V3), MAS, and the Water Vapor 

Millimeter-wave Spectrometer (WVMS) within the scatter of the observations [Nedoluha et 

al., 1997].  In this paper we have made comparisons using updated versions of these data sets 

using ATMOS-V3, HALOE-V19, MLS-V0104, and MAS-V20. 

Compared to V2 retrievals, V3 individual profiles reveal more small-scale variability 

(i.e., more features with a vertical scale of less than 5 km) throughout the stratosphere and 

display less erratic behavior in the tropopause region, thus capturing the hygropause water 

vapor minimum (located at or just above the tropopause) more reliably.  In addition, 

individual occultations and the averaged profiles show a reduction for V3 by 5-10% in upper 

stratospheric and mesospheric water vapor.  This difference is attributable to a modified 

selection of H2O lines, slightly lower tangent heights above 30 km, and algorithm changes in 

V3 [Irion et al., in preparation].  These differences bring the ATMOS observations into better 

agreement with HALOE, MAS, and MLS in the upper atmosphere [Nedoluha et al., 1997]. 

With the exception of the tropopause and upper stratosphere/mesosphere regions, the average 

V2 and V3 stratospheric profiles are nearly identical.  

4.  Brief Description of Other Instruments 

4.1  Lyman-α Hygrometers 

The NOAA and Harvard Lyman-α hygrometers provide in situ measurements of [H2O] in 

the lower stratosphere from the ER-2 aircraft.  Both instruments use the technique in which 
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H2O is photodissociated with 121.6 nm radiation supplied by a hydrogen discharge lamp.  

The electronically excited OH thereby produced generates a fluorescence signal, which is 

proportional to the mixing ratio of H2O.  These measurements are estimated to have an 

accuracy of ±5-10% [Kelly et al., 1989; Weinstock et al., 1994; Hintsa et al., 1999]. 

4.2  MkIV 

The Jet Propulsion Laboratory (JPL) MkIV balloon-borne instrument is a high-resolution 

Fourier transform spectrometer, which is operated in a solar occultation mode.  MkIV is very 

similar to ATMOS, and the algorithm used to retrieve the vertical mixing ratio profiles for 

MkIV is nearly identical to that used for the ATMOS-V3 retrievals.  The accuracy for MkIV 

[H2O] measurements is estimated to be 6% [Toon, 1991; Sen et al., 1996; Toon et al., 1999]. 

4.3  HALOE 

HALOE is a solar occultation radiometer that was launched as part of the UARS payload 

in 1991.  Measurements of solar absorption at 6.6 µm are used to obtain vertical profiles of 

[H2O] via the ν2 vibrational band with an estimated accuracy of 10-14% in the middle and 

upper stratosphere (1-10 hPa, ~30-50 km), 14-19% at levels of 10-40 hPa (~22-30 km), and 

19-24% at 40-100 hPa (16-22 km) [SPARC, 2000]. Accuracy is estimated to be ~30% in the 

mesosphere [Harries et al., 1996].  We use HALOE-V19 for the comparisons presented here. 

4.4  SAGE II 

SAGE II is a solar occultation radiometer that flies on ERBE. By measuring solar 

absorption at 940 nm, SAGE II has obtained vertical profiles of [H2O] continuously since its 

deployment in 1984.  At altitudes between 10 and 30 km, estimated systematic uncertainties 

are 20-30%, and at altitudes above and below this range, systematic error is ~10%.  Random 

errors are estimated to be 10-20% [Chu et al., 1993; SPARC, 2000].  We use SAGE II-V6 for 

the comparisons presented here. 

4.5  MAS 

MAS is a microwave limb sounding instrument that has flown with ATMOS on the space 

shuttle three times as part of the ATLAS payload.  MAS obtains vertical profiles of [H2O] by 

measuring limb emission from the rotational transitions of H2O at 183 GHz with a spectral 
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resolution of 200 kHz.  Estimated retrieval errors range from 8% in the middle stratosphere 

to 15% in the lower stratosphere and mesosphere [Aellig et al., 1996; Bevilacqua et al., 1996; 

Hartmann et al., 1996]. We use MAS-V20 for the comparisons presented here. 

4.6  MLS 

MLS is a microwave limb sounding instrument similar to MAS. MLS was deployed in 

1991 as part of the UARS payload.  Until April 1993, MLS obtained vertical profiles of 

[H2O] in the stratosphere and mesosphere by recording emission from H2O transitions at 183 

GHz.  Systematic uncertainties range from 8% in the middle stratosphere to 25% in the lower 

stratosphere and upper mesosphere [Lahoz et al., 1996; Pumphrey, 1999]. We use MLS-

V0104 for the comparisons presented here. 

5.  Comparisons 

5.1  Comparisons with Lyman-α Hygrometers 

The ATMOS data set from the ATLAS-3 shuttle mission offers the opportunity for 

comparison with measurements from the NOAA Lyman-α hygrometer.  Chang et al. [1996] 

compared V2 retrievals of [H2O] from ATMOS/ATLAS-3 with observations made by the 

NOAA Lyman-α hygrometer from the ER-2 during the Airborne Southern Hemisphere 

Ozone Experiment/Measurements for Assessing the Effects of Stratospheric Aircraft 

(ASHOE/MAESA) aircraft mission. This comparison demonstrated agreement to within 8% 

[Chang et al., 1996].  Here we perform a similar analysis with V3 data.   

Figure 1 shows a comparison of ATMOS/ATLAS-3 data with near coincident in situ data 

from the NOAA Lyman-α hygrometer.  Figures 1a and 1b show individual ATMOS 

occultations compared with portions of two ER-2 flights.  The ER-2 data were averaged in 

10-K potential temperature segments of up to 1000 points, and the error bars represent the 1σ 

standard deviation of the data.  Figures 1c and 1d show the fractional differences between the 

measurements from the two instruments.  As a result of the transport processes described in 

Section 2, ATMOS and the ER-2 sampled air originally from different regions within the 

same latitude band and pressure bin.  We have attempted to account for dynamical variability 

by sorting the data based on PV derived from Met Office-assimilated winds, and Figures 1e 
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and 1f show the differences between the PV profiles corresponding to the ER-2 and ATMOS 

measurements.   

The data in Figure 1a represent midlatitude (extravortex/extratropical) profiles.  For these 

profiles, the differences between the mean values of the NOAA Lyman-α hygrometer and the 

ATMOS-V3 data are less than 10%; the ATMOS values are on average ~5% lower than 

those from the NOAA instrument.   

Data in Figure 1b are associated with tropical air.  The tropical profiles demonstrate 

oscillations in [H2O] characteristic of the water vapor seasonal cycle.  That is, the abundance 

of H2O in the tropical lower stratosphere has been observed to be correlated with mean 

tropical tropopause temperatures, which undergo an annual cycle [Newell and Gould-

Stewart, 1981; Jones et al., 1986; McCormick et al., 1993; Rind et al., 1993; Rosenlof et al., 

1997].  During NH winter, tropopause temperatures are the lowest, and [H2O] at the tropical 

tropopause is at a minimum; during the NH summer tropical tropopause temperatures and 

[H2O] are at a maximum.  As air masses ascend in the tropical stratosphere, this oscillation in 

[H2O] is maintained, leading to oscillations in the vertical profile of [H2O] in the tropics [e.g., 

McCormick et al., 1993; Mote et al., 1995, 1996; Abbas et al., 1996b; Randel et al., 1998, 

2001; Michelsen et al., 2000], as shown in Figure 1b.  The amplitude is larger for the in situ 

observations because of their higher vertical resolution, but the ATMOS measurements at 

least partially capture the seasonal cycle. The large variability in the fractional differences for 

the tropics largely results from this limited ability of the ATMOS instrument to measure the 

sharp oscillations associated with the lower stratospheric seasonal cycle. 

During the ATLAS-2 mission (April 8-16, 1993), ATMOS made measurements in 

regions inside and outside the springtime Arctic vortex. Just following this mission, the 

NOAA and Harvard Lyman-α hygrometers flew at northern middle and high latitudes aboard 

the ER-2 as part of the Stratospheric Photochemistry, Aerosols, and Dynamics Expedition 

(SPADE) aircraft campaign (April 23-May 18).  During SPADE the ER-2 encountered large 

fragments of the Arctic vortex, which broke up between the ATLAS-2 and SPADE missions 

(April 20).  A previous comparison of ATMOS-V2 retrievals of H2O from ATLAS-2 and 
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measurements of H2O from the NOAA Lyman-α hygrometer made during SPADE 

demonstrated good agreement, as long as the distinction between vortex and extravortex air 

masses was taken into account [Michelsen et al., 1999b].  This distinction was accounted for 

by sorting the in situ data based on the relative abundances of long-lived tracers, one of 

which was H2O.  For the present study we have re-sorted the data based on PV and [N2O] 

(see Section 2). 

Figure 2 shows averages of ATMOS-V3 observations from inside and outside the vortex 

with error bars representing the weighted standard deviation of the mean. These averages are 

compared with averages of measurements made by the NOAA and Harvard Lyman-α 

hygrometers inside and outside vortex fragments on April 30 and May 3, 6, and 7.  Data from 

the flight on April 23 were excluded because of a problem with the inlet of the Harvard 

instrument during that flight.  The in situ observations were averaged relative to [N2O] 

provided by the Aircraft Laser Infrared Absorption Spectrometer (ALIAS) [Webster et al., 

1994] in 10-ppb segments, and error bars represent one standard deviation of the data. The 

fractional differences between the ATMOS and Lyman-α hygrometer measurements are 

plotted in the bottom panels of Figure 2. ATMOS measurements are 0-5% higher than those 

provided by the NOAA instrument and systematically 10-16% lower than those made by the 

Harvard instrument for this data set.   

During SPADE, ALIAS made measurements of [CH4] with an estimated (1σ) accuracy of 

5% [Webster et al., 1994]. Observations of [CH4] from this instrument have been shown to be 

consistent with ATMOS-V3 observations to within 5% [Michelsen et al., 1999c]. We have 

derived potential water for the flights used in Figure 2 by combining ALIAS [CH4] 

measurements with simultaneous measurements of [H2O] from the NOAA and Harvard 

Lyman-α hygrometers and compared the results with PW derived for the corresponding 

ATMOS occultations. Figure 3 shows that values of PW based on ATMOS data are 0-5% 

higher than those derived from NOAA Lyman-α hygrometer data and 5-11% lower than 

values derived from Harvard Lyman-α hygrometer data.  The agreement between ATMOS 
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and ALIAS [CH4] is good, and these differences in PW are thus predominantly due to 

differences between [H2O] measurements. 

The only significant source of stratospheric PW is influx of tropospheric air, and the only 

substantial stratospheric sink of PW is polar vortex dehydration via sedimentation of polar 

stratospheric clouds.  PW is thus generally conserved in extravortex/extratropical regions, as 

shown in Figures 3b and 3e by the approximately constant value (within experimental 

uncertainty) outside the vortex.  Stratospheric PW has been observed to be increasing with 

time, however, at an average rate of ~0.065 ppm/yr [Engel et al., 1996; Evans et al., 1998; 

Nedoluha et al., 1998; Randel et al., 1999; Michelsen et al., 2000].  This increase in PW is 

predominantly attributable to an increase in stratospheric humidity [Oltmans and Hoffman, 

1995; Engel et al., 1996; Evans et al., 1998; Nedoluha et al., 1998; Johnson et al., 1999; 

Randel et al., 1999; Michelsen et al., 2000; Oltmans et al., 2000; Smith et al., 2000; SPARC, 

2000; Rosenlof et al., 2001].  Hurst et al. [1999], however, inferred a slightly negative but 

statistically insignificant trend in lower stratospheric PW and [H2O], although the time period 

for which this analysis was performed (early 1993 to late 1997) was comparable in duration 

and overlapped significantly with many of the other studies [see Plate 1 in Michelsen et al., 

2000].  One explanation for the small trend and large uncertainty yielded by the analysis of 

Hurst et al. [1999] is that the study focuses on the lower stratosphere, where water vapor 

trends are more difficult to assess, possibly because of more rapid mixing between tropical 

and extratropical air masses at these altitudes. 

Assuming that the average stratospheric age of Arctic vortex air is 3.1-7.5 years older 

than that of extravortex air [Pollock et al., 1992; Harnisch et al., 1996], the positive trend in 

PW would lead to higher PW by 0.2-0.5 ppm outside than inside the vortex in the absence of 

dehydration.  This range of values is consistent with the average differences between lower 

stratospheric extravortex (Figure 3b) and vortex (Figure 3a) observations of 0.4±0.6 ppm for 

ATMOS and 0.249±0.006 ppm for the NOAA Lyman-α hygrometer.  The difference of -

0.031±0.006 ppm between extravortex (Figure 3e) and vortex (Figure 3d) values of PW 

inferred from the Harvard Lyman-α hygrometer would imply a negative trend in PW, which 
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is more consistent with the results of Hurst et al. [1999]. For the in situ data, the extravortex 

averages included points for which [N2O] was between 200 and 250 ppb. The difference in 

PW between extravortex and vortex air inferred from ATMOS-V3 data is smaller than the 

~0.7 ppm difference noted in a previous analysis based on ATMOS-V2 data [Michelsen et 

al., 1999b].  Dehydration could additionally contribute to these differences, but 

denitrification usually accompanies dehydration, and strong evidence of denitrification was 

not apparent in Arctic vortex air masses during this time period [Manney et al., 1999; 

Michelsen et al., 1999b].   

An additional loss mechanism for upper atmospheric H2O is photolysis in the middle and 

upper mesosphere (>~60 km).  As suggested by Michelsen et al. [1999b], the deficit in PW 

could thus alternatively be explained by air descended from these altitudes inside the vortex.  

Observations made by Ray et al. [Descent and mixing in the 1999-2000 northern polar vortex 

inferred from in situ measurements, submitted to J. Geophys. Res.] showed evidence of 

descended mesospheric air enhanced in H2 resulting from H2O photolysis inside the Arctic 

vortex at altitudes of 25-35 km during spring 2000.  Tracer distributions in the region of the 

vortex where the deficit in PW was observed (17-20 km), however, appear to be inconsistent 

with air originating from altitudes above ~50 km [Michelsen et al., 1998].  Furthermore, the 

PW deficit appears at altitudes below the region (22-25 km) in which elevated abundances of 

CO observed during this time period suggest descent from altitudes above 45 km [Rinsland et 

al., 1999].  

5.2  Comparisons with MkIV 

Comparisons between ATMOS and MkIV data collected in similar air masses are shown 

in Figure 4.  Figure 4a shows the mean of ATMOS-V3 data collected at midlatitudes during 

fall in the Southern Hemisphere (SH) from ATLAS-1 compared with MkIV observations 

from midlatitudes made 6 months later during fall in the NH.  Figure 4b shows a comparison 

of the mean of ATMOS/ATLAS-2 extravortex observations with data from a MkIV flight 

made 1-2 weeks earlier at northern midlatitudes.  Figure 4c shows data from northern 

midlatitudes during fall for MkIV (1993) and ATMOS/ATLAS-3 (1994).  The comparisons 



 
 

14

are summarized in Figure 4d, which shows that the ATMOS and MkIV measurements of 

[H2O] differ by less than 5% below 6 hPa (35 km) and by less than 2% between 47 and 10 

hPa (21-31 km) under similar atmospheric conditions. 

MkIV measures [CH4] with an accuracy (1σ) of 5% [Toon et al., 1999], and a comparison 

of PW from MkIV and ATMOS for the cases discussed above is shown in Figures 4e-h. For 

these cases, the agreement between the corresponding MkIV and ATMOS values of PW is 

within 4% below 35 km (within 2% between 21 and 31 km).  

For Figure 5 scaled PV derived from Met Office-assimilated winds [Manney et al., 1994] 

was used to identify profiles recorded in similar air masses.  This figure shows a comparison 

of profiles of [H2O] (Figures 5a and c) and PW (Figures 5b and d) from April 1993.  

Differences between the [H2O] profiles are within 5% except at altitudes above ~18 hPa (27 

km) and at a level near ~35 hPa (23 km).  The differences between the PW profiles 

demonstrate much better agreement at these levels, suggesting that the larger discrepancies 

apparent for [H2O] are attributable to atmospheric variability.  

The level of agreement demonstrated here between MkIV and ATMOS is not surprising 

given the similarity of the MkIV and ATMOS instruments and their data reduction methods. 

This comparison is thus a good test of the selection criteria used for these comparisons and 

demonstrates the success of the comparison methodology, particularly given that the data 

shown in Figure 5 were separated by many more degrees of latitude than any of the data sets 

used in the other comparisons presented. 

5.3  Comparisons with HALOE 

 Figure 6 shows comparisons between averaged and individual ATMOS and HALOE 

profiles made during ATLAS-3.  All of the ATMOS profiles and all but the tropical HALOE 

profile are from sunset occultations. The fractional differences are shown in Figures 6e-h. 

Profiles from similar air masses were identified based on sPV, and differences in sPV 

between the profiles compared are shown in Figures 6i-l. Each ATMOS profile used in the 

average was paired with a HALOE profile with comparable sPV. The data in Figure 6b were 

obtained inside the developing vortex (protovortex).  The data in Figure 6c are more 
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characteristic of midlatitude (extravortex/extratropical) air, and the data in Figure 6d are 

associated with tropical air.  

Shapes of the profiles in Figures 6a-d agree well, and there is good agreement in the 

vertical registration of these profiles.  The average fractional differences between the 

ATMOS and HALOE observations shown in Figure 6e suggest that the differences between 

these instruments are generally less than 10% and are of order 5% (ATMOS larger) between 

70 and 1 hPa (18 and 50 km).  The standard deviation of the mean difference encompasses 

zero in the middle stratosphere, indicating that the systematic differences near 40 km are not 

statistically significant.  Greater differences (as much as 63%) are observed in the upper 

mesosphere (>70 km). At these altitudes, however, water vapor abundances are smaller (i.e., 

small absolute differences in retrieved mixing ratio may lead to large fractional differences), 

and PV is not available for matching profiles (i.e., comparisons are less reliable). The 

agreement observed for the stratosphere appears to be better than that demonstrated in a 

previous comparison of ATMOS-V2 data with HALOE-V17 observations, which showed 

that the ATMOS values were systematically higher than those from HALOE in the middle 

stratosphere by 10-15% [Harries et al., 1996].  In addition, there appears to be no evidence in 

either the HALOE or ATMOS profiles of an unexplained enhancement in mesospheric water 

vapor that was observed in HALOE-V17 profiles [Siskind and Summers, 1998].  

The variability in the individual profile comparisons can partially be explained by 

atmospheric variability, despite the generally successful attempt to match profiles using sPV.  

Manney et al. [2000] have shown that the ATMOS profiles used to represent the protovortex 

(ss40) and midlatitude (ss64) regions were perturbed by filaments from outside these regions 

and that the low resolution PV used here to match profiles did not consistently capture the 

signatures of these filaments. For example, at ~2 hPa (41.5 km, 1430 K) the ATMOS 

protovortex profile passes through a filament from the edge of the protovortex, and at ~15 

hPa (28 km, 700 K) this profile includes a filament that originated at lower latitudes [Manney 

et al., 2000].  The ATMOS midlatitude profile passes through several filaments from the 

protovortex edge at ~20 hPa (27 km, 670 K), ~15 hPa (28.5 km, 730 K), and ~3.8 hPa (37.5 
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km, 1170 K) and a filament from low latitudes at ~45 hPa (21.5 km, 514 K).  Manney et al. 

[2001] used the same ATMOS and HALOE occultations for a comparison of [O3]; their 

analysis suggests that the HALOE occultations probably did not encounter most of these 

filaments.  

Comparing profiles for PW should compensate for some of this variability.  Since CH4 is 

oxidized in the stratosphere to form H2O, [CH4] and [H2O] are expected to be anti-correlated.  

At several of the levels where ATMOS [H2O] is low (high) relative to HALOE values, 

ATMOS [CH4] is higher (lower) than the HALOE values (see Figures 7j and k). Figures 7a-d 

show the comparison of PW corresponding to the profiles compared in Figures 6a-d, and 

Figures 7e-h show the fractional differences for PW (solid) and [H2O] (dashed).  At most 

levels the solid and dashed lines in Figures 7e-h are indistinguishable, demonstrating good 

agreement between ATMOS and HALOE [CH4].  At several levels, where ATMOS 

encountered a filament and HALOE did not, the fractional differences are smaller for PW 

than for [H2O], confirming that these differences are at least partially attributable to 

atmospheric variability.  In fact, the fractional differences shown in Figure 7e are smaller at 

each stratospheric level where the mean differences shown in Figure 6e appeared to be 

statistically significant.  The comparison of PW from the averages thus suggests that the 

differences between HALOE and ATMOS in the lower stratosphere shown in Figure 6e are 

probably due to differences in the mean age of air used in the averages and that the HALOE 

average includes air that is younger than that used in the ATMOS average. This result 

indicates that the level of agreement between HALOE and ATMOS is within 8% throughout 

the stratosphere. 

5.4  Comparisons with SAGE II 

 Figure 8 shows the same average and individual ATMOS profiles as shown in Figure 6 

compared with SAGE II profiles with similar sPV. All profiles compared are from sunset 

occultations.  The fractional differences are shown in Figures 8e-h, and the differences in the 

corresponding sPV are shown in Figures 8i-l.  Agreement between the two instruments is 

very good (within 5%) between 15 and 3.8 hPa (28-38 km), despite large variability in 
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differences between individual profiles.  In the lower stratosphere ATMOS [H2O] is 

systematically higher than that of SAGE II by as much as 41%. A high bias relative to SAGE 

II [H2O] in the lower stratosphere is consistent with previous comparisons of SAGE II-V6 

retrievals with frostpoint hygrometer and other satellite measurements [Chiou et al., 2000; 

SPARC, 2000]. 

Figure 9 shows a comparison of profiles from 1985, i.e., prior to the Pinatubo eruption.  

The Spacelab 3 mission did not produce many profiles.  For this comparison we used 

National Center for Atmospheric Research (NCAR)/NCEP reanalysis assimilation data 

[Kalnay et al., 1996].  The averages shown in Figure 9a include 6 sunset profiles from the 

subtropics.  Two of these profiles are shown separately in Figures 9b and 9c.  These 

comparisons indicate agreement to within 17% between 38 and 3.2 hPa (23-39 km), but 

demonstrate much larger systematic differences in the lower stratosphere.  In contrast to the 

post-Pinatubo comparison, ATMOS is systematically lower than SAGE II in the lower 

stratosphere, particularly near 70 hPa, i.e., just above the tropopause, where the SAGE II 

profiles have a sharp maximum.  The SAGE II sunset occultations from this time period 

consistently show this feature at all latitudes, suggesting that it is not attributable to low-

latitude atmospheric variability.  The sunrise occultations, on the other hand, do not include 

this feature and appear to give better agreement in the lower stratosphere with the ATMOS 

profiles, as shown in Figure 9d. The number of ATMOS profiles available for the sunrise 

comparisons is limited to two, however, one of which does not extend below 68 hPa.  A 

comparison of SAGE II sunrise and sunset [H2O] profiles from the same latitude region (19-

22°S) and time period (May 6-7, 1985) shows differences of 10-22% between 68 and 18 hPa 

(~19-27 km). Some of the differences observed in these comparisons may be caused by 

interference of aerosol loading in the lower stratosphere. By spring 1985, the lower 

stratosphere had not fully recovered from the 1982 eruption of El Chichón. Below 24 km 

aerosol extinction at 1 micrometer exceeded the value of 1×10
-4 recommended by Rind et al. 

[1993] as the maximum value at which the SAGE II [H2O] measurements should be 

considered reliable.  
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5.5  Comparisons with MAS 

Figure 10 shows comparisons between averaged and individual ATMOS and MAS 

profiles from the ATLAS-3 mission. Fractional differences between profiles are shown in 

Figures 10e-h, and differences in sPV between the profiles compared are shown in Figures 

10i-l.  The individual ATMOS profiles and the profiles used in the average are the same as 

those used in the comparison with HALOE shown in Figure 6 and with SAGE II shown in 

Figure 8.  The comparisons of the individual profiles (Figures 10b-d) suggest that the 

ATMOS data have a wet bias in the mesosphere relative to MAS, but the averaged profiles 

(Figure 10a) and the large standard deviation of the mean difference (Figure 10e), which 

encompasses zero, indicate that this difference is not statistically significant. The agreement 

between ATMOS and MAS is generally within 7% between 12 and 0.8 hPa (30-50 km) but 

with large variability. ATMOS tends to be higher in the lower stratosphere, where average 

differences are closer to 13%. As with the comparison with HALOE, differences in the 

individual profiles appear to be largest at levels where ATMOS encountered filaments from 

different regions and where MAS apparently did not encounter such filaments [Manney et al., 

2001].  Furthermore, because the vertical resolution of MAS (~7 km) is much lower than that 

of ATMOS, if MAS did encounter one of these filaments, the comparison may not show 

good agreement. 

5.6  Comparisons with MLS 

Figure 11 shows a comparison of ATMOS-V3 data with MLS-V0104 [Pumphrey, 1999] 

observations from southern latitudes during spring 1992 and 1993.  Unweighted mean values 

are shown for 10 pairs of profiles recorded at southern midlatitudes in March 1992 (Figure 

11a), and individual profile comparisons are made with observations from inside (Figure 11c) 

and outside (Figure 11b) the protovortex in 1992 and outside the protovortex in 1993 (Figure 

11d).  Fractional differences between the profiles are shown in Figures 11e-h.  The data were 

sorted, as above, based on sPV, and differences between the sPV profiles are shown in 

Figures 11i-l. The ATMOS data tend to exceed the MLS measurements in the middle and 

upper stratosphere.  The difference is ~0.6 ppm and corresponds to an average fractional 
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difference of <14% throughout most of the stratosphere.  The offset decreases in the 

mesosphere.  Throughout most of the stratosphere and mesosphere, the standard deviation of 

the mean fractional differences does not approach the zero crossing line (Figure 11e), 

indicating that this difference is statistically significant.  These differences are consistent 

with a recent comparison of MLS-V0104 with ATMOS-V2 water vapor observations 

[Pumphrey, 1999]. 

6.  Summary and Conclusions 

Because atmospheric water vapor abundance varies with altitude, latitude, and frequently 

longitude, the success of comparisons of [H2O] measurements by instruments on different 

platforms depends on the reliability with which measurement conditions can be matched.  We 

have used PV to pair profiles obtained within 6 days and 9 degrees of latitude of one another.  

We have also shown that measurements of [H2O] made several weeks and many degrees of 

latitude apart can be compared relative to simultaneously measured [N2O].  In addition, we 

have used simultaneously measured [CH4] to identify and limit differences attributable to 

atmospheric variability related to different stratospheric ages of air masses. 

Results of the comparisons are summarized for different altitude ranges in Table 3 and 

Figure 12. ATMOS tends to be biased high relative to most of the instruments, but is usually 

within their respective experimental uncertainties.  In the middle stratosphere ATMOS-V3 

demonstrates agreement to within 15% with the 5 instruments that make measurements in 

this region of the atmosphere. Agreement is within 18% throughout the stratosphere with all 

of the instruments with the exception of SAGE II. Agreement deteriorates in the upper 

mesosphere, where [H2O] is lower and small differences in mixing ratio lead to large 

fractional differences and where PV, and thus a good way of matching profiles, is not 

available. Agreement also deceptively suffers when the low resolution PV used to sort the 

data fails to identify filaments from other types of air masses included in one but not the 

other of the profiles in a comparison.  In addition, since the vertical resolution of the ATMOS 

instrument is limited (3-6 km), oscillations with a characteristic wavelength of less than a few 

km (e.g., the seasonal cycle in [H2O] observed in the tropics and subtropics) are not well 
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resolved by ATMOS.  Thus, under conditions when the water vapor seasonal cycle is large, 

ATMOS does not agree well with the in situ observations, which have a much higher spatial 

resolution.  

In the lower stratosphere, for the cases presented here, ATMOS-V3 water vapor 

observations are 0-5% higher than measurements from the NOAA Lyman-α hygrometer and 

10-16% lower than those from the Harvard Lyman-α hygrometer for comparisons with 

measurements made in April and May 1993.  ATMOS measurements are ~5% lower than 

those from the NOAA instrument from November 1994.  Agreement between ATMOS and 

MkIV is within 5% below 35 km and within 2% between 21 and 31 km.  ATMOS 

measurements are generally higher than, but within 8% of, HALOE measurements 

throughout the stratosphere. ATMOS values are also typically higher than, but within 7% of, 

MAS values between 30 and 50 km and are ~13% higher than MAS values in the lower 

stratosphere.  ATMOS observations are ~0.6 ppm (7-14%) higher than those of MLS-V0104 

in the middle and upper stratosphere.  This offset is not as large in the lower stratosphere and 

mesosphere, but the percent difference is comparable.  Mean differences between ATMOS 

and SAGE II are within 5% between 28 and 38 km, but ATMOS values are as much as 41% 

higher than those from SAGE II in the lower stratosphere for the comparison of data from 

November 1994.  In contrast, ATMOS appears to be as much as 59% lower than SAGE II at 

altitudes just above the tropopause for the comparison of sunset data from April/May 1985.  

SAGE II sunrise occultations from this time period appear to give better agreement with 

ATMOS in the lower stratosphere.  These differences between SAGE II and ATMOS are 

probably partially attributable to interferences in the SAGE II retrievals from enhanced 

loading of lower stratospheric aerosols from the eruption of El Chichón in 1982. 

With the exception of SAGE II, agreement among the instruments compared here is 

generally within 15% in the middle to lower stratosphere and mesosphere and within 10% in 

the middle to upper stratosphere.  At altitudes near 30 km, all measurements, including those 

of SAGE II, agree to within 10%. Analyses of trends apparent in data sets from individual 

instruments have suggested that stratospheric water vapor is increasing at a rate of ~1%/yr 
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[Oltmans and Hoffman, 1995; Evans et al., 1998; Nedoluha et al., 1998; Randel et al., 1999; 

Michelsen et al., 2000; Oltmans et al., 2000; Smith et al., 2000; Rosenlof et al., 2001; 

SPARC, 2000]. Although the present level of agreement among different instruments (~10%) 

is very good considering the diversity of measurement techniques, it is inadequate for 

resolving the trend in stratospheric water vapor using combined data sets [Rosenlof et al., 

2001; SPARC, 2000].   
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Table 1.  ATMOS Space Shuttle Missions 
 
 
Mission Dates Latitudes Occultation 
 
 
Spacelab 3 30 April - 1 May 1985 47 - 51°S sunrise 
   26 - 35°N sunset 
 
ATLAS-1 25 March - 2 April 1992 0 - 55°S sunrise/sunset 
   0 - 31°N sunrise 
 
ATLAS-2 8 - 16 April 1993 10 - 50°S sunset 
   63 - 68°N sunrise 
 
ATLAS-3 3 - 14 November 1994 65 - 72°S sunrise 
   3 - 49°N sunset 
 
 
 
Table 2.  ATMOS Optical Band-pass Filters and Species Retrievals 
 
     
Filter Wavelength region V-2 species Additional V-3 species 
 
 
Filter 1 600 - 1180 cm-1 N2O CH4, H2O 
 
Filter 2 1100 - 2000 cm-1  N2O, CH4, H2O  
 
Filter 3 1580 - 3450 cm-1  N2O, CH4 H2O  
 
Filter 4 3100 - 4800 cm-1  N2O, CH4, H2O  
 
Filter 9 625 - 2450 cm-1  N2O, CH4, H2O  
 
Filter 12 625 - 1450 cm-1  N2O, CH4 H2O 
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Table 3.  Average Percent Differences between ATMOS-V3 and Other Instruments 
 
 
Instrument Accuracy Lower Middle Upper Mesosphere  
  Stratosphere Stratosphere Stratosphere  
  18 – 28 km 30 – 40 km 40 – 50 km 60 – 70 km 
 
 
NOAA Ly-α 5-10% −5 to +5%      
hygrometer     
 
Harvard Ly-α 5-10% −10 to −16%      
hygrometer    
 
MkIV 6% −1 to +4% −7 to −1%    
 
HALOE-V19 10-30% 0 to +7% +1 to +6% +3 to +8% +4 to +19%  
 
SAGE II-V6* 14-36% +5 to +41% −7 to +8% +27 to −35% 
 
SAGE II-V6† 14-36% +1 to −59% +1 to −17% −9 to −30% 
 
MAS-V20 8-15% +11 to +14% −8 to +7% −3 to +4% −1 to +5% 
 
MLS-V0104 8-25% +12 to +22% +7 to +14% +1 to +9% −1 to +14% 
 
 
*Post-Pinatubo (1994) 
†Pre-Pinatubo (1985), sunset occultations 

 

Figure 1.  Comparison of ATMOS/ATLAS-3 Version 3 retrievals of [H2O] with NOAA 

Lyman-α hygrometer observations from the ASHOE/MAESA ER-2 aircraft campaign.  

Symbols represent in situ observations averaged in 10-K potential temperature segments of 

up to 1000 points with error bars representing 1σ standard deviation of the data, and lines 

represent individual ATMOS profiles.  The left panels (a and b) show the volume mixing 

ratio of H2O plotted as a function of pressure.  The middle panels (c and d) show the 

fractional difference between the profiles, and the right panels (e and f) display the difference 

between the corresponding potential vorticity profiles.  

Figure 2.  Comparison of ATMOS-V3 retrievals of [H2O] with Lyman-α hygrometer 

observations from the SPADE ER-2 aircraft campaign.  The volume mixing ratio of H2O is 

plotted relative to the mixing ratio of the long-lived tracer N2O.  ATMOS observations are 

compared with measurements from the NOAA instrument in the left panels (a-c) and with 
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measurements from the Harvard instrument in the right panels (d-f). Symbols represent in 

situ observations averaged in 10-ppb [N2O] segments with error bars representing 1σ 

standard deviation of the data, and lines represent weighted averages of ATMOS profiles 

with error bars showing the weighted 1σ standard deviation of the mean.  The SPADE data, 

which include observations from April 30 and May 3, 6, and 7, 1993, are sorted based on PV 

and [N2O]. (a) and (d) SPADE data associated with vortex fragments are compared with 

ATMOS observations made during ATLAS-2 inside the Arctic vortex before it broke up.  (b) 

and (e) the rest of the SPADE data from these flights with PV>1×10-5 K m2 kg-1 s-1 are 

compared with ATMOS/ATLAS-2 data recorded outside the Arctic vortex.  (c) and (f) The 

fractional differences between the ATMOS observations and those from the NOAA 

instrument (c) and the Harvard instrument (f) are plotted as a function of [N2O] for the vortex 

case (circles) and the extravortex case (squares).  For the in situ data, simultaneous 

observations of [N2O] were provided by ALIAS. 

Figure 3. Comparison of ATMOS-V3 values for [H2O]+2[CH4] with observations from the 

SPADE ER-2 aircraft campaign.  Potential water ([H2O]+2[CH4]) is plotted relative to the 

mixing ratio of the long-lived tracer N2O.  ATMOS observations are compared with potential 

water derived from ALIAS [CH4] with NOAA [H2O] in the left panels (a-c) and with Harvard 

[H2O] in the right panels (d-f) plotted against ALIAS [N2O]. Symbols represent the in situ 

observations averaged in 10-ppb [N2O] segments with error bars representing 1σ standard 

deviation of the data, and lines represent weighted averages of ATMOS profiles with error 

bars showing the weighted 1σ standard deviation of the mean.  The SPADE data correspond 

to the same data points, and the ATMOS data are from the same occultations, as shown in 

Figure 2 from (a) and (d) vortex air masses and (b) and (e) extravortex air masses. (c) and (f) 

The fractional differences between the ATMOS observations and those from the NOAA 

instrument (c) and the Harvard instrument (f) are plotted as a function of [N2O] for the vortex 

case (circles) and the extravortex case (squares).  

Figure 4. Comparison of ATMOS-V3 retrievals of [H2O] and [H2O]+2[CH4] with MkIV 

observations.  The volume mixing ratio of (a)-(d) H2O and (e)-(h) potential water 
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([H2O]+2[CH4]) are plotted as a function of [N2O].  Symbols represent the MkIV 

observations, and lines represent weighted averages of ATMOS profiles with error bars 

showing the weighted 1σ standard deviation of the mean.  (a) and (e) ATMOS observations 

made during ATLAS-1 at southern midlatitudes are compared with MkIV measurements 

from northern midlatitudes on September 14 and 15, 1992.  (b) and (f) ATMOS observations 

made during ATLAS-2 outside the Arctic vortex are compared with MkIV measurements 

from northern midlatitudes on April 3, 1993.  (c) and (g) ATMOS observations made during 

ATLAS-3 at northern midlatitudes are compared with MkIV measurements from northern 

midlatitudes on September 23 and 24, 1993.  (d) and (h) The fractional differences between 

the ATMOS observations and those from the MkIV are shown for the 3 cases; symbols 

correspond to those used in (a)-(c) and (e)-(g). The line represents the average fractional 

difference. 

Figure 5. Comparison of ATMOS/ATLAS-2 with MkIV observations of [H2O] and 

[H2O]+2[CH4]. The left panels (a and b) show ATMOS-V3 (solid lines) and MkIV (dotted 

lines) values of (a) H2O and (b) potential water ([H2O]+2[CH4]) plotted as a function of 

pressure. The right panels (c and d) show the corresponding fractional differences for (c) 

[H2O] and (d) potential water.  

Figure 6. Comparison of ATMOS/ATLAS-3 with HALOE observations of [H2O].  The 

volume mixing ratio of H2O is plotted as a function of pressure.  The left panels (a-d) show 

ATMOS-V3 (solid lines) and HALOE-V19 (dotted lines) retrievals as (a) unweighted 

averaged profiles including ss21, ss35, ss36, ss42, ss43, ss52, ss58, ss61, ss64, and ss76 for 

ATMOS and a selection of HALOE profiles with similar sPV paired with each ATMOS 

profile and individual profiles from (b) the protovortex, (c) midlatitudes, and (d) the tropics. 

The middle panels (e-h) show the fractional differences between the profiles from the two 

instruments, including (e) the (unweighted) average fractional differences for the 10 profile 

pairs averaged for (a) (solid line) with error bars denoting the 1σ standard deviation of the 

mean difference.  The right panels (i-l) show the differences between the scaled potential 

vorticity profiles corresponding to the measurements. 
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Figure 7. Comparison of ATMOS-V3 values for [H2O]+2[CH4] with HALOE-V19 

observations. Potential water ([H2O]+2[CH4]) is plotted as a function of pressure. The data 

are from the same occultations presented in Figure 6.  The left panels (a-d) show ATMOS-V3 

(solid lines) and HALOE-V19 (dotted lines) retrievals of potential water for (a) unweighted 

averaged ATMOS and HALOE profiles paired by sPV and individual profiles from (b) the 

protovortex, (c) midlatitudes, and (d) the tropics. (d) The middle panels (e-h) show the 

fractional differences between the profiles in the panels to the left (solid lines) compared with 

the fractional differences between the [H2O] profiles presented in Figure 6 (dashed lines).  

The right panels (i-l) show the [CH4] profiles used in deriving PW for ATMOS (solid lines) 

and HALOE (dotted lines). 

Figure 8. Comparison of ATMOS/ATLAS-3 with SAGE II observations of [H2O].  The 

volume mixing ratio of H2O is plotted as a function of pressure.  The left panels (a-d) show 

ATMOS-V3 (solid lines) and SAGE II-V6 (dotted lines) retrievals as (a) unweighted 

averages of the same ATMOS profiles shown in Figure 6 and SAGE II profiles paired with 

each ATMOS profile based on sPV and individual profiles from (b) the protovortex, (c) 

midlatitudes, and (d) the tropics. The middle panels (e-h) show the fractional differences 

between the profiles from the two instruments, including (e) the (unweighted) average 

fractional differences for the 10 profile pairs averaged for (a) (solid line) and the standard 

deviation of the mean difference (dotted line).  The right panels (i-l) show the differences 

between the scaled potential vorticity profiles corresponding to the measurements. 

Figure 9. Comparison of ATMOS/Spacelab 3 with SAGE II observations of [H2O].  The 

volume mixing ratio of H2O is plotted as a function of pressure.  The left panels (a-d) show 

ATMOS-V3 (solid lines) and SAGE II-V6 (dotted lines) retrievals as (a) unweighted 

averages of 6 ATMOS profiles (ss03, ss06, ss07, ss09, ss12, and ss13) and SAGE II profiles 

paired with each ATMOS profile based on sPV.  Individual pairs of profiles are shown in (b-

d) for (b, c) northern subtropical sunsets and (d) southern midlatitude sunrises. The middle 

panels (e-h) show the fractional differences between the profiles from the two instruments, 

including (e) the (unweighted) average fractional differences for the 6 profile pairs averaged 
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for (a) (solid line) with error bars denoting the 1σ standard deviation of the mean difference.  

The right panels (i-l) show the differences between the scaled potential vorticity profiles 

corresponding to the measurements. 

Figure 10. Comparison of ATMOS/ATLAS-3 Version 3 with MAS observations of [H2O].  

The volume mixing ratio of H2O is plotted as a function of pressure. The left panels (a-d) 

show ATMOS-V3 (solid lines) and MAS-V20 (dotted lines) retrievals as (a) unweighted 

averages of the same ATMOS profiles shown in Figure 6 and MAS profiles paired with each 

ATMOS profile based on sPV and individual profiles from (b) the protovortex, (c) 

midlatitudes, and (d) the tropics.  The middle panels (e-h) show the fractional differences 

between the profiles from the two instruments, including (e) the (unweighted) average 

fractional differences for the 10 profile pairs averaged for (a) (solid line) with error bars 

denoting the 1σ standard deviation of the mean difference.  The right panels (i-l) show the 

differences between the scaled potential vorticity profiles corresponding to the 

measurements. 

Figure 11.  Comparison of ATMOS-V3 with MLS-V0104 retrievals of [H2O] from southern 

midlatitudes during 1992 and 1993.  Mean (unweighted) H2O profiles are shown as a 

function of pressure for MLS (dotted lines) and ATMOS (solid lines) from (a) ATLAS-1 

(March 1992), and comparisons of individual profiles are shown for ATLAS-1 from (b) 

southern midlatitudes and (c) southern protovortex and (d) ATLAS-2 (April 1993) southern 

midlatitudes. The middle panels (e-h) show the fractional differences between the profiles 

from the two instruments, including (e) the (unweighted) average fractional differences for 

the 10 profile pairs averaged for (a) (solid line) with error bars denoting the 1σ standard 

deviation of the mean difference.  The right panels (i-l) show the differences between the 

scaled potential vorticity profiles corresponding to the measurements.  ATMOS profiles used 

in the mean are ss13, ss16, ss18, ss20, ss21, ss23, ss27, ss28, ss35, and ss36. 

Figure 12.  Percent differences between retrievals of [H2O] from ATMOS-V3 and other 

instruments.  The percent difference is defined as 100%*(ATMOS-Other)/(Mean).  Ranges 

of average percent differences are shown for several altitude ranges.  The thicker lines are 
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used for comparisons in which the measurements were made within 6 days and 9 degrees 

latitude of one another.  The corresponding values are given in Table 3. 
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